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Introduction 

The solar wind interaction with the geomagnetic field leads 
to a number of distinctive and significant phenomena. The most unique 
of these is the formation of an extended geomagnetic tail and 
imbedded plasma sheet . The orientation of the field lines in the 
geomagnetic tail is roughly parallel or anti-parallel to the earth- 
sun line or equivalently the direction of solar wind flow. Approximately 
5 years ago the first direct measurements of these phenomena in situ 
were begun systematically and since that time a great wealth of 
experimental evidence has been collected defining the physical 
properties and dynamics of the geomagnetic tail. There is as yet 
no agreement on the specific physical process which forms the tail. 

This paper summarizes the experimental observations with reference 
to the several theoretical models proposed (see review by Dungey, 1968). 
Figure 1 illustrates both the geometry of the geomagnetic tail and 
the earth 1 s bow shock in cislunar space and the orbits of those 
satellites which have s tidied the geomagnetic tail. 



Historial Review 
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Unlike the radiation belts, it cannot be said that the geomagnetic 
tail was unexpected theoretically. Piddington (I960), in a study of the 
phenomena of geomagnetic storms, suggested that the main phase decrease 
of the terrestrial field was associated with the formation of a 
magnetic tail extending from the earth on the night side. At that 
time, the solar wind was not considered to be a continuous flux of 
plasma from the sun so such a magnetic tail was thought to be only 
a temporary distortion of the geomagnetic field. 

Subsequently Johnson (1960) considered the effect of a continuous 
flux of rapidly moving highly conducting solar plasma. He proposed 
that the principal effect would be to deform the geomagnetic field 
and confine it to form roughly a tear drop shape with a front to 
back ratio of approximately 1 to 6. He suggested that the tail field 
lines would not be drawn out to infinity although the possible presence 
of hydromagnetic waves or other energy sources might open the tail 
of the tear drop and thus modify the confinement of the field to 
extend the tail further. 

This suggestion was discussed by Dessler (1964) in a study of 
the length of the magnetospheric tail. He concluded that the 
minimum length would be 100 Rg 
examining possible sources of internal pressure concluded that 
hydromagnetic wave radiation pressure alone was adequate to prevent 
the tail from closing before the termination of the solar wind, at 
20 to 50 AU. Dungey (1965) regarded such length estimates as unreasonable 
and suggested that 100 Rg was probably more nearly correct. 


(Rg=Earth Radius = 6378.1 Km) and 
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Experimental studies of the distant geomagnetic field in the 
context of the geomagnetic tail were begun by the Explorer 6 satellite 
(Smith et al., 1960: Sonett et al., 1960) in 1959 with detailed 

mapping of two components of the geomagnetic field between 2-7.5 R. 

E 

The measurements from Explorer 6 were performed over an azimuth 
range relative to the earth-sun line of approximately 60° to 150° West. 
Large decreases in the magnetic field were detected at great distance 
from the earth and were initially interpreted as representing the 
magnetic effects of a large scale permanent ring current located at 
a geocentric distance of 10 R^, . 

In 1961 the Explorer 10 spacecraft performed vector magnetic 
field measurements from 2 to 40 R^, along a trajectory at approximately 
135° West of the earth-sun line. A significant distortion of the 
geomagnetic field was observed beyond 10 R £ (Heppner et al. , 1963) with an 
increased magnitude and a steady orientation noted. No evidence was 
found for the previously reported ring current. Subsequent re-examination 
of the earlier Explorer 6 data (Smith, 1962: Smith et al. , 1964) 
indicated that those results were consistent with data from 
Explorer 10 only within the framework of an extended geomagnetic tail 
field on the night side of the earth. 

From measurements of energetic particles on Explorer 12 Freeman 
(1964) concluded that there existed a strong day night asymmetry in the 
spatial distribution of energetic electrons at altitudes less than 
13.1 R £ . The first geocentric satellite to provide almost a full one 
year study of the earth's environment was Explorer 14 in 
1962-1963, with an apogee of 15.9 R^. 
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An enhancement on the night side of the earth as shown in Figure 2 
was studied by Frank (1964). On the same satellite, Cahill (1964a) 
detected a strong distortion of the geomagnetic field near the 
midnight meridian plane both in direction and magnitude. A summary 
of these results is presented in Figure 3 (Cahill, 1966) which shows 
the non-dipolar geometry of the observed geomagnetic field. These 
results suggested the existence of a tail to the magnetosphere but 
did not provide data from sufficiently large distances to detect 
the fully developed geomagnetic tail. 

Preliminary results from the Vela satellite on the distribution 

of energetic electron fluxes on the night side of the earth at a 

geocentric radial distance of 16 were presented by Singer et al. , 

(1965). These data confirmed the earlier results obtained indicating 

the existence of an enhanced particle flux on the night side 

of the earth and suggested that this broad region extended from the 

boundary of the trapped radiation belts to satellite apogee-perigee, 

both ~ 1 6 R » 

E 

On the basis of these experimental results, Axford et al., (1965) 
and Dessler and Juday (1965) proposed separate models of the formation 
of a permanent geomagnetic tail. The significant difference in the 
two models, shown in Figure 4, is the prediction of a plasma - magnetic 
neutral sheet and merging at a neutral line in the work of Axford et al., 
as shown in the upper diagram. Beyond the neutral line, the direction 
of the component of the magnetic field perpendicular to the neutral 


sheet reverses direction. 
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Dessler and Juday (1965) proposed a model for the geomagnetic 
tail with negligible merging based upon the argument that the conductivity 
of the plasma was sufficiently high to inhibit merging and annihilation 
of field lines. Their model is shown in the lower half of Figure 4 in 
which the neutral sheet is represented by the horizontal line and 
was proposed to extend to the termination of the solar wind boundary. 

The geometry of the tail transverse to the tail axis was suggested 
by both groups to be in the form of a 9 with the horizontal bar 
representing the surface separating oppositely directed fields. 

The existence of a neutral line in the geomagnetic tail was suggested 
earlier by Dungey (1961). In studying the results of the Pioneer 5 
magnetic field experiment, which indicated the existence of an inter- 
planetary magnetic field component perpendicular to the ecliptic plane 
(Coleman et al. , 1960), Dungey concluded that there would be two 
characteristically different configurations to the geomagnetic field 
as the result of the interconnection of interplanetary and geomagnetic 
field lines. In the case of oppositely directed fields, a neutral 
point developed on the sunward side of the earth and a neutral line 
on the night side. 

In a recent review of the large scale electric field in the 
magnetosphere, Obayashi and Nishida (1968) have summarized the various 
theoretical models which have been proposed for the magnetosphere. 

The distinguishing feature of the different models is based upon 
whether or not the magnetosphere is electrically shielded from 
interplanetary space so that bulk motion of plasma across the magnetopause 
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is prohibited. Both of the models shown in Figure 4 correspond to 
a shielded magnetosphere in which the effect of the interplanetary 
magnetic field is ignored. Unshielded models of the magnetosphere 
have been proposed by Alfven (1964) and Dungey (1963) in which the 
interplanetary electric field is imposed on the magnetosphere. 

The mechanism for the formation of the geomagnetic tail similarly 
differs between the models proposed. Axford and Hines (1961) proposed 
that a viscous -like interaction is effective on the magnetosphere 
boundary for momentum transfer from the solar wind. This then extends 
the geomagnetic field on the night side of the earth. In the case 
of the model of Dungey and Levy, Petschek and Siscoe (1964), merging 
of the interplanetary and geomagnetic fields occurs on the sunlit 
hemisphere of the magnetosphere and field lines are carried convectively 
to the night side of the earth forming the extended geomagnetic tail. 
Parker, (1967) has studied the equilibrium of the magnetopause boundary 
and concluded that no stable configuration is possible on a small length 
scale. This nonequilibrium leads to a mixing of geomagnetic lines of 
force with the solar wind and thus produces a 'viscous' drag as the plasma 
flows along the magnetopause. The erosion of field lines proceeds at a 
rate whereby the entire tail would be formed in only lO^-lO^ seconds. For 
earlier reviews of the theory of the magnetosphere and related experiments 
the reader is referenced to the work of Obayashi (1964) and Cahill (1964b). 
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Results from IMP-1: 1964 

A comprehensive survey of the geomagnetic field boundary, detailed 
measurements mapping the earth’s magnetic tail and the discovery of 
the imbedded neutral sheet were performed in 1964 by the IMP 1 satellite 
(Ness, 1965). These data showed that the geomagnetic field extended 
out far out behind the earth to satellite apogee, 31.4 R^, , a distance 
half way to the moon. A sample of the measurements obtained is shown 
in Figure 5 from orbit number 41, that orbit closest to the midnight 
meridian plane. The results are presented in solar ecliptic coordinates 
and demonstrate the remarkable feature that beyond 12 R £ the magnetic 
field is oriented parallel to the earth-sun line (0 =0°; ^=*0°, 180°) 

with sense either towards (^ = 0°) or away = 180°) from the sun 
depending upon whether or not the satellite is above or below a 
magnetically neutral surface identified as the neutral sheet. 

The magnetic neutral sheet was observed to be relatively thin, 
on the scale of a fraction of an earth radius thick. It should be 
noted that it is not possible from a single satellite observation to 
uniquely determine a separation of space and time variations without 
an a priori assumption as to the invariance of either the structure 
or the motion. In addition it is necessary to consider the model of 
the field reversal which is used to determine the effective thickness 
of the region. The dashed lines in this figure represent the theoretical 
geomagnetic field extrapolated using a simple geocentric dipole. 
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The presence of a field reversal implies the existence of a 
plasma sheet and an electric current associated with the spatial 
gradient of the magnetic field. A detailed study of the IMP 1 neutral 
sheet crossings by Speiser and Ness (1967) has yielded the equivalent 
current magnitude and direction necessary to form a physically 
consistent model of the field reversal. These currents are derived 
from the curl of the magnetic field, J = vx H, with the assumption 
that the geometry of the neutral sheet is a two dimensional sheet. 

An interesting feature of these observations has been the 
identification of multiple crossings of the neutral sheet during a 
single satellite pass. This is interpreted to represent motion of 
the neutral sheet relative to the satellite. Inspection of Figure 5 
will show that on May 3 at a distance of 28 Re (at 0600) the neutral 
sheet probably passed over the satellite twice within one hour. On 
occasions, individual crossings of the neutral sheet are observed to 
occur at 24 hour intervals. This can be readily understood in terms 
of the diurnal motion of the earth's magnetic dipole axis and the 
accompanying oscillation of the orientation of the neutral sheet. 

In order to take these factors into account, Ness (1965) 
introduced a solar magnetospheric coordinate system in which the XZ 
plane is determined by the earth-sun direction and the magnetic 
dipole axis of the earth. A summary of the vector measurements obtained 
by the IMP 1 satellite in the geomagnetic tail are shown in Figure 6. 

The position of the neutral sheet crossings on orbits 44-47 are also 
indicated. These data show that the neutral sheet will be located 
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above the solar magnetospheric equatorial plane in the northern 
hemisphere summer and correspondingly below it in the winter. Tnis 
is because the origin of the neutral sheet does not begin at the 
earth but at the geomagnetic equator at a distance of approximately 
10 Rg (Murayama, 1966; Russell and Brody 1967; Speiser and Ness 
1967). It is presently believed that the neutral sheet is generally 
approximately parallel to the solar magnetospheric equatorial plane 
but located at a distance from the plane which depends upon the 
"angle of attack" of the solar wind on the geomagnetic field, X ss # 

Particle measurements on the IMP 1 satellite by Anderson (1965) 
showed the existence of intense transient bursts of electron fluxes 
(E e > 45 kev) with rapid rise and slow decay. In the spatial analysis 
of the frequency of occurrence of these events, called electron 
islands, he concluded that it decreases with increasing distance 
down the geomagnetic tail axis. Murayama (1966) in a separate 
analysis of electron fluxes (E £ >160 kev) measured on the same 
satellite, was not able to confirm this radial dependency. Because the 
satellite motion radially was so highly correlated with the motion 
transverse to the neutral sheet, he concluded that these events 
tended to occur more frequently closer to the neutral sheet. 

A sample of the electron island events observed by IMP 1 is pres- 
ented in Figure 7. Simultaneous measurements with the magnetic field 
are also shown and indicate that frequently the electron events are 
associated with large depressions of the magnetic field. A calculation 
of the diamagnetic effects of the observed electrons shows that they 
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represent about only one percent of the plasma energy required 
to decrease the magnetic field strength by the observed value. Thus 
evidence is obtained that the island events are due to electrons with 
energy considerably below the 45 kev threshold of the geiger counters 
instrumented for these satellites. The source of these particles is 
unknown. They could represent radiation belt particles lost to the tail, 
or accelerated in the tail by merging at the neutral sheet or entry 
from interplanetary space into the tail at large distances from the 
earth* Cahill (1966) suggested that the large scale decrease of 
field strength on the night side of the earth between 8-12 R £ 
represents the inflation of the magnetosphere due to the contained 
plasma. 

Correlative studies of the variation of the radiation belt 
boundaries and the geomagnetic tail .have also been conducted (Ness 
and Williams, 1966). From direct measurements of the invarient 
latitude of the boundary of trapped radiation it has been concluded 
that during geomagnetic storms a motion of the trapping boundary to 
lower latitudes is accompanied by an increase in the geomagnetic 
tail field strength. The particular event studied, shown in Figure 8, 
was a geomagnetic storm in which the magnetic tail field strength 
approximately doubled, from 15 to 30 gammas, following the sudden 
commencement. 

At the time of the sudden commencement the boundary of the 
magnetospheric tail was observed to move in past the satellite briefly. 
This determined the size of the geomagnetic tail and yielded an estimate 
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of the total contained magnetic flux. Combined with the observations 
of the invariant latitude boundary motion, it was concluded that the 
increased magnetic field strength of the geomagnetic tail was due 
to compression by the plasma in the magnetosheath and also the addition 
of new lines of force which were extended into the tail during this 
storm event. All storm effects observed by IMP 1 in 1964 in the 
geomagnetic tail were compared with corresponding terrestrial 
observations and a high correlation was found between tail field 
magnitudes and the planetary magnetic activity index Kp (Behannon and 
Ness, 1966). 

Correlated measurements of the response of the magnetosphere and 
tail, observed by 0G0-1,, to an impinging interplanetary shock, 
observed by IMP-3 and Explorer 33 (Ness and Taylor, 1967), have been 
compared by Sugiura et al., (1968). This analysis suggests that the 
disturbance observed in the tail, a sudden increase, is due to a 
hydromagnetic wave propagating within the magnetosphere and adding 
new magnetic flux to the tail. 
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Formation and General Shape of the Tail 


Significant measurements of the outer geomagnetic field 
demonstrating the gradual formation of the geomagnetic tail in the 
dawn to midnight region of the magnetosphere were performed by IMP 2 
(Fairfield and Ness, 1967). Figure 9 presents a summary of these 
measurements with the nonradial nature of the field vectors in the 
lower half of the figure illustrating how the field is swept back by 
the solar wind and the tail formation is begun. From these observations 
it appears that an entire magnetic field meridian plane is distorted and 
deflected backwards into the geomagnetic tail. Hypothetical meridian 
planes are sketched in as dashed lines. 

Data obtained for regions 5 through 8 thus formed are shown in 
the upper portion of the figure. Here the radial nature of the field 
is observed in sectors 7 and 8 as well as the existence of the field 
reversal region in sectors 5 and 6. These data demonstrate directly 
the formation of the field reversal region as close to the earth as 
8 , in agreement with the earlier interpretations of the IMP 1 

measurements . 


Extensive measurements of the geomagnetic tail and its boundaries 
out to distances .of 80 R^> well beyond the orbit of the moon, have been 
performed by Explorer 33 (Ness et al. , 1967a ; Behannon, 198; Mihalov 


et al., 1968). This satellite represented an attempt by the USA to orbit 


the moon which failed and was placed instead into a very high apogee 
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earth orbit. During the first five months apogee varied between 
70-80 R £ with perigee varying between 8-15 Rg due to perturbations 
by the gravitational field of the moon. 


Mspp ing o f the 


distant magneto sheath, bow 


tail from the dawn flank of the earth's bow shock to the dusk flank 


extended beyond the lunar orbital distance of 60 . A summary of the 

boundaries of the geomagnetic tail observed by Explorer 33 is shown 
in Figure 10, It is noted that multiple observations of the tail 
boundary are a common feature of the magnetopause observations. This 
variation can be due to waves propagating on the surface of the 
magnetopause,, the expansion and contraction of the entire magnetosphere 
in response to a varying solar wind flux or a change in the relative 
position or aspect of the boundary due to a varying angle between 
the earth's magnetic dipole axis and the solar wind velocity. 

An attempt to sketch in average boundary positions has been made 
and illustrates the asymmetry observed in these data. A separate 
analysis of these observations in planes transverse to the Xg E axis 
has indicated that the geometry of the geomagnetic tail transverse 
to its axis is not cylindrical but rather elongated in a direction 
perpendicular to the solar magnetospheric equatorial plane. The 
distance from the tail axis to the magnetopause is estimated to be 
approximately 50% greater in a direction perpendicular to the neutral 
sheet than the distance of approximately 20 in the neutral sheet. 
This asymmetry is in agreement with the model of the geomagnetic tail 
proposed by Axford et al. (1965) and Dessler and Juday (1965). 
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Typical measurements in the geomagnetic tail are shown in Figure 
11. The lower portion of the figure presents 24 hours of data obtained 
during a particularly quiet time when the planetary magnetic activity 
index was 0, 0, 0, 1, 1, 0+, 0+, 0+, and shows how very steady the 
geomagnetic tail field can be. These data represent the average 
magnetic field and its RMS deviation computed from 16 individual 
vector measurements at 5.12 second intervals. The energy present 
in the magnetic field fluctuations is less than one percent of the 
ambient steady magnetic field energy density. Note that throughout 
the 24 hour interval covered in this diagram there appears to be 
no evidence for modulation of the field magnitude or orientation due 
to the wobble of the nonaxial geomagnetic dipole. 

The upper portion of Figure 11 illustrates a more disturbed time 
in the geomagnetic tail when the magnetic activity index rose from 
1-, 0+, 1, 1, 1 to 3+, 3, 4+. Preceding the sudden commencement 
storm at 1502 UT an interval of magnetic field magnitude fluctuations 
is observed with very long period, approximately 20 minutes. These 
are also observed to be present after the sudden commencement which 
has a rise time of approximately 8 minutes. Note that at 1720 the 
field orientation as measured by 0 changes abruptly. Comparison of 
simultaneous plasma data with the MIT group has revealed the motion 
of the magnetopause boundary past the satellite at this time in response 
to varying solar wind conditions. 

A recent theoretical study by Smit (1968) has shown that 

the eigenmodes of the magnetosheath-magnetosphere system include 
long low frequency periods of 6-7 minutes. 
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Studies of the natural resonances of the geomagnetic tail have been 
conducted 'by McClay and Radoski (1967) and Patel (1967). Assuming that 
the tail is represented by a cylindrical wave guide of radius 40 Rg , 
density 5p/citf and B = 40y, with reflecting wails and neutral sheet, McClay 
and Radoski deduce that the lowest periods are on the order of 20-35 minutes 
for TM or TE modes. Patel’s study (1967) assumes a double cylinder geometry, 
each of radius 7 , density =lp/cm^ and B = 10 gammas. He concludes 

that eigen-periods of the order 24-32 minutes represent the mixed 
transverse and longitudinal mode, in agreement with observations. These 
studies suggest that the tail itself is the source of these observed 
long period fluctuations. 


A summary of the geomagnetic tail observations obtained by 

Explorer 33 during orbits 1 through 8 is shown in Figure 12. The 

hourly average vectors were obtained by linearly averaging the previously 

referenced 82 second averages of the magnetic field components. The 

average solar magnetospheric components are projected onto the Xg M -Z^ 

and Y planes with as many data points shown as possible to prevent 
oM 

excessive overlapping. In the upper portion of the figure the field 
reversal region is well-defined and a gradient of the field magnitude 
is evident along the geomagnetic tail. The lower two figures suggest 
possibly a skewing of the field vector although this is spurious 
due to the use of an incorrect spin axis orientation of the spacecraft 
during initial phases of data analysis (Behannon, 1968). 
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Tail Field Gradient and Neutral Sheet Mergin 


An important result of the mapping of the geomagnetic tail by 
Explorer 33 has been the determination of a general decrease in tail 
field magnitude with distance down the tail. Figure 13 summarizes 
average field magnitudes as a function of distance along the earth- 
sun line. Data from a total of 740 hours during which Explorer 33 
was clearly in the tail was subjected to a multiple correlation and 
regression analysis (Behannon, 1968). In this study, 
the hourly average field magnitude is the dependent variable and 
independent variables are the distance, Xgg , of the spacecraft down 
the tail, the magnetic activity index, Kp, and the perpendicular distance, 
Zgjj> of the satellite from the solar magnetospheric equatorial plane. 

The best correlation obtained was between field magnitude and distance 
down the tail and with decreasing coherency the planetary magnetic 
activity index Kp and finally transverse distance from the neutral 


sheet Zg^ . Behannon (1968) has found that [B|o'|Xgg 


- 0 . 3 + 0.2 


with a standard deviation of 3.1 gammas (See Figure 13). 

Several different formulations have been obtained by other workers 
(Mihalov et al. , 1968) with a similar experiment on the same spacecraft 
and are summarized in the following equations: 


B| - (191.4 + 14.2) R 


-0. 736 +0.019 


|b| = (26.8 + 2.2) exp ( ^ ) 

59.4+4.9 


where R represents the distance down the tail in earth radii. 
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The field magnitudes predicted by the regression curve for the 

interval between -10 R^, and -30 Rg are consistent with the median 
tail field magnitude of 16 gammas found earlier by the IMP 1 satellite 
in that region. 

The observed field magnitude gradient in the tail can result 
either from an increase in the cross sectional area of the tail with 
distance down the tail and/or by reconnection of field lines across 
the neutral sheet. Earlier analyses by Speiser and Ness (1966) 
concluded that up to 30 R^ the average field component transverse 
to the neutral sheet plane is northward. The data obtained by 
Behannon ( 19 68) is not conclusive regarding the sense of the transverse 
component beyond 30-50 Rg due to variations in the polarity. 

The occurrence of both northward and southward components 
transverse to the neutral sheet were interpreted by Mihalov et al. , 

(1968) as indicating that magnetic field loops are observed crossing 
the field reversal region. In the analysis of their data obtained 
on Explorer 33 they conclude that statistically a southward 
component is observed when the satellite is beyond 60 R^ . 

In a study of IMP 3 observations of the geomagnetic tail field 

and neutral sheet at distances to 40 R (Speiser and Ness, 1967), it 

E 

was suggested that caution be exercised in reaching conclusions regarding 
the northward or southward directed sense of the magnetic field near 
the field reversal region. This is due to the a prior unknown 
orientation of the neutral sheet and the effect this has upon the 
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attempt to determine the component transverse to the neutral sheet. 

Indeed, it appeared at times from IMP 3 that the neutral sheet was 

o 

tipped by as much as 30 from being parallel to the solar magnetospheric 

equatorial plane. Thus it is believed to be premature in concluding 

that the neutral line in the geomagnetic tail is present at 30-60 R . 

E 



PLASMA SHEET OBSERVATIONS 
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Early measurements by Gringauz et al. , (1960) and Freeman (1964) 
suggested the presence of electrons of low energy (Ee> 200 eV) at 
large distances on the night side of the earth well beyond the Van Allen 
radiation belts. The most comprehensive observations of the plasma 
sheet in the geomagnetic tail have been performed by the Vela series 
of satellites (Singer et al,, 1965 : Montgomery et al, , 1965). These 

studies have shown that energetic electrons (E>45 kev) when observed 
in the magneto tail are normally observed simultaneous with low energy 
electrons (E<20 kev) although it is possible to observe low energy 
electrons in the absence of high energy electrons (Bame et al,, 1966), 

Discussion of the Vela satellite program and associated instrument 
and spacecraft details have been presented by Singer (1965), and Coon 
(1966). Examples of the electron spectrum measured at different times 
by Vela in the magnetosheath and plasma sheet are shown in Figure 14. 

The average energy of each spectrum is approximately determined by the 
spectral peak. 

Results obtained from a typical pass through the geomagnetic 
tail are shown in Figure 15. Prior to 0700 the electron flux is below 
the detectable limit of the instrument, 10 cm /sec, omni-directional 
for Ee<200 eV and 10 3 cmP/sec for E> 45 kev. For the remainder of this 
data the spacecraft appears to have been imbedded in the plasma sheet, 
as evidenced by the low energy electron flux. The variations of the 
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electron-flux (E> 45 kev) in this data show the similar fast rise and 
slow decay characteristics that were described as electron islands 
observed by IMP 1 by Anderson (1965). 

Examples of the differential energy spectra obtained at the 
lettered times in Figure 15 are shown in Figure 16- It is seen that 
the energy distributions are generally broader than a Maxwellian with 
a super-thermal high energy tail that can be fitted with a negative 
exponent power law spectrum. Montgomery (1968) has shown that during 
disturbed times the assumption of a power-law spectrum for Ee> 40 kev 
is better than a Maxwell -Boltzman while during quiet times the opposite 
is true. The average energy of the spectra in Figure 16 for this time 
interval range from 1 to 7 kev while number densities range from .1 to 
.3/cm 3 . A computation of the equivalent magnetic field intensity 
assuming equipartit ion of energy between the electron component of 
the plasma and the positive component yields field magnitudes of 
approximately 18 to 20 gammas. These results are in excellent agree- 
ment with separate measurements by IMP 1 of the magnetic field 
strength in this region of space. 

While located in the magnetotail the observations of the positive 
component of the plasma have been intermittent due to their low flux 
level. During these limited observations proton number densities are 
found of approximately the same value as the electron number density 
with average energies ranging to above 10 kev. 

Extensive measurements of the spatial distribution of the plasma 
sheet have shown that the electrons between 15.5 and 20 occupy a 
thick sheet or slab stretching across the geomagnetic tail. The plasma 
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sheet thickness observed near the midnight meridian plane is approximately 

4 to 6 Rr. although the sheet appears to flare out by about a factor of 

£. 

2 near the boundaries of the geomagnetotail. 

The plane of symmetry of the plasma sheet appears to lie 
midway between the solar magnetospheric and geomagnetic equatorial planes. 
This shows the significant effects of the geomagnetic dipole orientation 
at this distance. Thus depending upon the season of the year the plasma 
sheet will be found either above or below the solar magnetospheric 
equatorial plane, as was determined from the IMP 1 magnetic field data 
for the field reversal region. 

A summary of the Vela data spatial distribution interpretation and 
region covered in the geomagnetic tail is shown in Figure 17. These 
results nicely compliment the separate results obtained by the IMP 1 
magnetic field measurements in establishing the general yearly variation 
of the plama sheet orientation and the balance of magnetic and plasma 
pressure, which may be due to local acceleration mechanisms. In 
Montgomery's study (1968) of the detailed spatial distribution of 
energetic electron fluxes, Ee>40 kev, he concluded that they do not 
form a continuous non- thermal high energy tail but represent a second 
population with a maximum flux at «10 kev. These fluxes are found to 
occur most often on the dawn side of the magnetosphere. 

The first joint measurements of the magnetic field and plasma 
sheet of the geomagnetic tail were performed on the out bound pass of 
the heliocentric space probe Pioneer 7 in 1966 (Lazarus et al., 1968). A 
summary of the spatial distribution of the observations transverse to 
the earth-sun line is shown in Figure 18. The variation in distance 
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from the solar magnetospheric equatorial plane, as measured by Zg M , 
is due to the diurnal wobble of the geomagnetic dipole axis. 

Observation of electron fluxes are indicated on the trajectory. Note 
that the neutral sheet is predicted to be observed near 0145 and 
subsequently at approximately 1845 on the basis of an ideal sheet 
model. 

Experimental observations obtained are shown in Figure 19. 

Typical electron densities are observed of approximately 0.5/cm 3 
with most probable speeds of approximately 10 4 km/sec, corresponding 
to an electron energy density of about 250 electron volts/cm 3 For this 
experiment protons of the same energy and concentration will occur a 
factor of 4 below the detectable threshold of the instrument. 

Significant variations of the electron flux and magnetic field 
magnitude are observed in anticorrelation. This aspect of the results 
is emphasized in the lower portion of the figure where the total plasma 
plus magnetic pressure is presented. It has been assumed that the 
unmeasured proton pressure is equal to the electron pressure. Note 
that the total pressure remains nearly constant during those 
intervals when there are significant variations of either field or 
electron flux. There are, however, significant variations in the total 
pressure which are assumed to reflect variations in external conditions 
in the magneto sheath. 

A self-consistency arguement has been employed to study the proton 
pressure for intervals when the total pressure is approximately constant, 
from 0000 to 0630 and 0700 to 0930. The results obtained suggest that 
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the proton pressure is a factor of 1.2 to 2.8 times the electron 
pressure. Transitions between low B high P regions and high B 
low r regions appear to be a distinguishing feature of these data 
suggesting a sharp boundary to the plasma sheath. 

Simultaneous with the loss of detectable electron flux from 
0930 to 1545 is the geomagnetic bay activity recorded at College, 

Alaska. Bay associated decreases in the geomagnetic tail field 
magnitude have also been observed by 0G0-1 (Heppner et al., 1967). 
Qualitatively and roughly quantitatively these observations agree 
with the collapse rebuild theories that have been suggested in various 
forms by Atkinson (1966), Axford (1965) and Dungey (1965) whereby a 
tail implosion at the neutral sheet feeds energy to the bay disturbance. 

Various processes accellerating particles in the neutral sheet 
have ranged from steady-state acceleration as studied by Speiser (1966), 
to a flare type mechanism in the tail as suggested by Piddington (1967). 

In this model rapid annihilation of field lines across the neutral 
sheet would feed energy to particles and accelerate them to possibly 
auroral energies. This suggestion requires that merging take place 
sporadically in the tail. Conpi et al. (1966) have studied the stability of 
the neutral sheet region in the context of the Furth et al.,(1963) 
tearing mode finite resistivity instability. Murayama and Simpson (1968) 
have recently completed a detailed study of the correlation of IMP-1 
magnetic field data neutral sheet crossings and electron fluxes. It 
was found that the peak flux (Ee>160 kev) occurs at the field reversals 
found by Speiser and Ness (1966) and that fluxes are continuously 


24 


present. Two possible sources are: 

(a) The neutral sheet is well-connected, for particle 
propagation, to a region of the magnetosphere where 
the acceleration of electrons occurs or 

(b) the electrons are accelerated in the neutral sheet. 

Detailed magnetic field components and RMS deviations obtained 

by the Pioneer 7 passage through the neutral sheet are shown in Figure 
20. It is seen here that the field component B ZSM transverse to the 
neutral sheet is several gammas northward. Note that in the neutral 
sheet region, rapid fluctuations of the magnetic field up to 
5 cps, the upper pass band of the instrument, are observed. These 
data show that electromagnetic noise is present at the field reversal 
in the core of the plasma sheet. 

On the lunar orbiting spacecraft Luna 10, Gringauz et al. (1966) 
reported upon the detection of the plasma sheet in the geomagnetic tail 
at lunar distances. However on the same spacecraft Dolginov et al. (1966) 
did not obtain a clear indication of the existence of the Earth’s tail. 
Ness (1967) has suggested that the apparent data inconsistency is due 
to the immersion of the Luna 10 spacecraft in the plasma sheet, when 
weak and variable direction fields would be expected rather than a 
well-defined tail field geometry. 
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The Distant Geomagnetic Tail 

While earth orbiting spacecraft have shown that the tail extends 
to the distance of the moon's orbit and beyond, still being well- 
defined at 80 Rg, the first opportunity to detect the tail far down- 
stream at 3300 Re by Mariner 4 was not successful (Van Allen, 1965). 

The next opportunities were provided by the Pioneer 7 and 8 heliocentric 
space probes whose orbits are shown in Figure 21. Throughout the 
interval on Pioneer 7 from September 5 to 30 the orientation of the 
interplanetary field was observed infrequently to closely parallel the 
earth-sun line (Ness et al., 1967b). Simultaneous with these 
observations, anomalous plasma flow conditions were detected by Wolfe 
et ale (1967). At no time during the observations was a fully developed 
geomagnetic tail and imbedded neutral sheet observed as proposed by 
Dessler (1964). 

A sample of the results obtained from detailed measurements by 
Pioneer 7 is shown in Figure 22. Field orientations of approximately 
tff=180°, 0=0° indicating anti-solar directed fields from the southern 
hemisphere of the geomagnetic tail were detected for limited times 
during this two hour interval. These were associated with anamolous 
plasma conditions as indicated. Generally throughout this interval, 
the geomagnetic tail field is identifiable by its orientation and field 
magnitude of approximately 8 gamma. 

It is believed that at these large distances the geomagnetic tail 
is no longer composed of only two distinct bundles of oppositely directed 
field lines separated by a single neutral sheet. The tail is thought 
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to be separated into a number of filaments in close proximity, 
possibly intertwined, which while still maintaining direct 
connection to the earth no longer preserve the well-defined 0 
cross section tail geometry observed in cis-lunar space. 

If one extends beyond 80 R e the computed regression curves of 
field magnitude gradient shown in Figure 13, it is found that the 
magnitude will decrease to a value of 4 gammas between 125-175 Rg 
during times of low Kp. On this basis, the tail is less well- 
defined beyond approximately 200 Rg since the tail field magnitude 
decreases to the quiet time interplanetary level at that distance. 
Fairfield (1968) has compared simultaneous data from cislunar-space 
and Pioneer 7 and suggests that a filamentary model of the tail 
is not necessarily a unique interpretation, due to the variability of 
the observed magnetic fields, and that a coherent tail might be 
present at 1000 Rg . 

More recently observations by the Pioneer 8 spacecraft at a 
distance of approximately 500 R^ have been performed. The results 
obtained yield a similar interpretation to that of Pioneer 7. The 
geomagnetic tail is not well-defined at 500 R^ as a simple coherent 
0 geometry but appears to be represented by many separate filaments 
(Mariani and Ness, private communication). 
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Summary 

During the past seven years, experimental investigations of the 
earth's magnetic tail and imbedded neutral sheet have established its 
permanent existence as an extension of the magnetosphere with lines 
of force closely paralleling the earth-sun line. Oppositely directed 
field lines are separated by a field reversal region 
approximately .1 to 1 Rg thick and frequently in motion. The plasma 
sheet surrounding the neutral sheet appears to be thicker, up to 4-6 Hg 
in the center of the tail, flaring to approximately twice that near the 
dusk and dawn magnetopause boundarys. 

The geomagnetotail is still well-defined out to radial distances 
of 80 although at distances of 500 and 1000 Rg it appears to have 
broken up into separate filaments. The tail does not appear to be 
cylindrical in shape, having a width of approximately 40 R^ in the plane 
of the neutral sheet and approximately 60 Rg in the perpendicular direction. 
Multiple correlation and regression analysis shows that the field 
magnitude decreases from approximately 16 gamma at 20 Rg to 7 gammas at 
80 Rg . Impulsive field magnitude decreases have been observed in the 
magnetic tail in association with transient electron events. The 
occurrence of these electron bursts decreases with the distance from the 
neutral sheet. The injection of these particles into the geomagnetic 
tail has recently been studied by the Lunar Explorer 35 spacecraft 
with the moon used as an occulting disk. Both Lin (1968) and Van Allen 
and Ness (1968) have concluded, from quite different physical view 
points, that the electron events observed in the geomagnetic tail are 
due to injection into the tail at a distance beyond the moon. 
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Geomagnetic storms have been observed in the tail in correlation 
with world wide terrestrial disturbances,. Typically the tail field 
magnitude increases by a factor of 2 or more during the main phase of 
the sudden commencement storm. The magnitude increase is due to both 
a compression of the magnetosphere tail and the addition of magnetic 
flux from the magnetosphere as polar cap regions expand to lower 
latitudes. 

Theoretical studies of the mechanism responsible for the formation 
of the geomagnetic tail have not yet reached agreement. One theory 
requires a vi sc ous-like interaction on the boundary of the magnetosphere 
to transfer momentum to the geomagnetic field and exert the stresses 
necessary to extend field lines down-stream as the solar wind flows past 
the earth. A second model proposes the existence of rapid merging of 
field lines on the sun- lit hemisphere of the magnetosphere and 
subsequent convection of connected interplanetary and geomagnetic field 
lines to form the geomagnetic tail. 

Agreement now does seem to be reached in the area of 
merging of field lines across the neutral sheet. Dessler (1968), on 
the basis of experimental studies of the plasma sheet, has recently 
re-assessed his theoretical model proposed earlier which predicted no 
merging in the geomagnetic tail. The lower portion of Figure 23 
presents the modified model with merging occuring at the neutral line, 
which is proposed to exist at a distance of about 15 Rg beyond the 
earth. The recent results from Explorer 33 (Mihalov, 1968) may give 
support to the idea that the neutral line has been crossed somewhere 
between 30-60 R^, behind the earth. For completeness, a diagram of the 
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geomagnetic tail discussed by Piddington ( 1967), expanding 

upon his earlier discussions, is presented in the upper portion of 

Figure 23. 

Outstanding Problems 

Future studies of the geomagnetic tail will be directed to 
resolution of the following major questions: 

1. What mechanism forms the geomagnetic tail? 

2. At what distance behind the earth does the coherent well- 
ordered tail cease to exist? 

3. Is merging of field lines across the neutral sheet a 
continuous or impulsive process and where does this take 
P lace? 

4. Are auroral particles accelerated by flare-like processes 
in the geomagnetic tail? 

5. What is the source of the energy and by what processes 

are electrons accelerated to form the fluxes observed both 
in the neutral sheet and the tail? 

It is possible that continued analysis of available spacecraft 
results may answer these questions. Simultaneous observations of both 
the geomagnetic tail and interplanetary medium are now being studied 
so that the time sequence of events regarding the response of the 
magnetosphere and tail to propagating disturbances in the solar wind 
can be established. In an overview of our solar system, among the 
moon and planets it appears that' the earth and probably Jupiter are 
unique in possessing long magnetic tails due to the intrinsic magnetic 
planetary field. While the corresponding field geometry for Venus 
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and Mars is not well known it appears that their aft-flow pattern may 
more closely resemble that of the moon where a wake is formed rather 
than a distinctive tail. 
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FIGURE CAPTIONS 


Figure 1 Ecliptic plane projection of high apogee (> 20 R E ) spacecraft 

that have provided experimental observations of the geomagnetic 

tail from 19 61-1968 • Not shown are the circular orbits of 

the Vela series, between 15-19 R , which obtained significant 
- E 

data on the imbedded plasma sheet or the orbit of Explorer 14, 
apogee = 15.9 R £ . 

Figure 2 Schematic diagram of the spatial distribution of electrons 

(E^ > 45 kev) obtained by Explorer 14 in 1963 near the noon- 
midnight geomagnetic meridian plane (Frank, 1964). 

Figure 3 A composite of selected magnetic field observations by 

Explorer 14 projected into a local geomagnetic meridian plane. 
The shaded area shows the range of geomagnetic latitudes 
of the anti-solar direction in the midnight meridian plane 
(Cahill, 1966). 


Figure 4 Schematic diagrams of two theories of the geomagnetic tail, 

circa 1965. The upper version is based upon magnetic merging 
at a neutral line while the lower figure assumes no merging. 

Figure 5 Magnetic field measurements of the geomagnetic tail near the 

midnight meridian plane by IMP 1. The field direction 

closely parallels the earth-sun line with a rapid change from 
antisolar to solar directed sense while inbound at a radial 
distance of 16 Rj? (Ness, 1965). Dashed lines represent the 
theoretical geomagnetic field. 

Figure 6 Interpretation of IMP 1 geomagnetic tail field (vectors) and 
neutral sheet crossings (dots) within 2 of the noon- 
midnight meridian plane in solar magnetospheric coordinates. 
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X S s represents the geomagnetic latitude of the subsolar 
point, the " angle of attack 1 ' of the solar wind flow 
(Speiser and Ness, 1966) . 

Figure 7 Simultaneous electron flux (E e > 45 kev) and magnetic field 
measurements by IMP 1 in 1964 showing decreased field 
magnitudes across multiple plasma sheet crossings between 
25-27 Rg and 24 hours later between 17-18 . Note 

correlated field decreases and flux increases, Anderson's 
electron islands, throughout this inbound pass (Anderson 
and Ness, 1966). 

Figure 8 Simultaneous measurements of the geomagnetic tail by IMP 1 

and the boundary of trapped radiation by the satellite 1963- 
38C (+) during a geomagnetic storm in 1964. The invariant 
latitude, , is theoretically predicted using the observed 
field magnitude, which is seen to be positively correlated 
with Kp (Ness and Williams, 1966). 

Figure 9 Projection of hourly average magnetic field measurements obtained 
by IMP 2 on the equatorial plane (lower figure) and on four 
curved meridian planes (upper figure). This illustrates 
the formation of the geomagnetic tail by the streaming 
solar wind (Fairfield and Ness, 1967). 

Figure 10 Summary of Explorer 33 bow shock and magnetopause traversals, 
rotated into the ecliptic plane assuming cylindrical symmetry 
about the earth-sun line (Behannon, 1967). 
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Figure 11 Representative magnetic field data in the geomagnetic tail 
obtained by Explorer 33 on September 14, 1966 (upper figure) 
and October 21, 1966 (lower figure). Position of satellite 
in solar ecliptic coordinates is given at bottom (Behannon 
19 67). 


Figure 12 


Figure 13 


Figure 14 


Figure 15 


Average vector magnetic field observed in the geomagnetic 
tail by Explorer 33 during July-November 1966. The 
uppermost figure represents the projection on the noon- 
midnight plane in solar magnetosphere coordinates. The 
lower two figures represent separate projections on the 
equatorial plane for data obtained either above or below the 
plane Z SM =3 (Behannon, 1967). 

Distribution of undisturbed hourly average magnetic tail 
field magnitudes as a function of distance obtained by 
Explorer 33 during July-November, 1966. Data points circled 
represent large increases followed one hour later by a 
corresponding increase in Kp (Behannon, 1967). 

Spectrums of electron counting rates measured in the 
magnetosheath and the plasma sheet by the Vela satellites 
(Bame et al. , 1967) . 

Measurements of the electron component of the plasma sheet by 
Vela 2B showing the absence of the electron population (Ee> 350 kev) 
while crossing the sheet. The arrows indicate that the flux was 
less than detector background level (Bame et al., 1967). See 
Figure 16. 

Differential electron energy spectrums obtained at lettered 


Figure 16 
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times in Figure 15. The negative exponent values for the 
power-law high-energy tail are given shown (Bame et al.,1967). 
Figure 17 Interpretation of the ccnf rguratx.cn of the plasma sheet xn the 


geomagnetic tail for x ss = +*2° . The actual range of positions 
of the plasma sheet determined from the Vela measurements is 
indicated at 17 R E (Bame et al. , 1967). 

Figure 18 Pioneer 7 trajectory (solid line) in the Y sm "Z sm plane. The 
shaded portions represent intervals with significant electron 
fluxes. The dotted curve gives the predicted neutral sheet 
position using the model shown in the insert (Lazarus et al.. 


1968). 


Figure 19 Measurements of the magnetic field intensity and electron 

velocity and density by Pioneer 7 in 1966. Vertical bars and 
dots indicate ranges of uncertainty of the plasma parameters 
assuming different spectral shapes. Gaps in plasma data 
indicate fluxes less than detector threshold. The field 
decrease from 0100 to 0130 represents traversal of the neutral 
sheet (Lazarus et al. , 1968). 

Figure 20 Detailed magnetic field measurements and RMS deviations obtained 
by Pioneer 7 in 1966 showing increase in fluctuations as field 
reversal region is tranversed. 

Figure 21 Ecliptic plane projections of the trajectories of Pioneers 7 and 
8 showing passage through the geomagnetospheric tail and wake 
regions at 1000 R E and 500 R £ respectively in 1966 and 1968. 
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Figure 22 Detailed magnetic field measurements of anti-solar directed 
field lines by Pioneer 7 assumed to be extended from the 
Earth to 1000 Rg . An indication of anomalous plasma conditions 
observed by the MIT group on the same spacecraft is indicated. 

Figure 23 Schematic diagrams of the geomagnetic field and tail formed 
by the solar wind. Compare the lower diagram with that in 
Figure 4 showing a change from no merging across the neutral 
section in the tail to merging occuring relatively close to 


the earth. 
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